This extensive involvement of NCAM in synaptic plassynaptically coupled neurons maintained in heteroticity reflects its widespread expression in the central genotypic cocultures showed that synaptic strength nervous system of adult mammals. In the hippocampal of excitatory but not inhibitory synapses depended formation, NCAM immunostaining is intense in the hilus, on expression of NCAM post-but not presynaptically.
Introduction gyrus of adult rats, the expression of the major isoform of NCAM with the longest cytoplasmic domain, Formation of synaptic connections is based on molecu-NCAM180, is upregulated in postsynaptic sites (Schuslar recognition cues guiding interaction between growth ter et al., 1998). However, this link between LTP and cone and target followed by activity-dependent stabiliexpression of postsynaptic NCAM has remained correlzation or retraction of formed connections. Cell adheative. To directly address the question of whether presion molecules of the immunoglobulin (Ig) superfamily or postsynaptically localized NCAM is necessary for belong to such cues, mediating Ca 2ϩ -independent homosynapse formation and/or stabilization, we compared and heterophilic cell-cell and cell-matrix interactions.
the efficacies of synaptic connections between cultured Particularly, the neural cell adhesion molecule (NCAM) murine hippocampal neurons in which NCAM was presis implicated in axonal growth and fasciculation and ent or absent either pre-or postsynaptically. Our data synaptogenesis in the hippocampus (Cremer et al., show that postsynaptic expression of NCAM in a choice 1997; Seki and Rutishauser, 1998 ). In addition, NCAM situation increases synaptic strength of excitatory but has been shown to be important for synaptic plasticity. not inhibitory connections. This effect is related to the Polyclonal antibodies against NCAM and L1, another increased synaptic coverage of NCAM-expressing neumember of Ig superfamily, and synthetic peptides from rites. the fourth Ig-like domain of NCAM, mediating interaction of NCAM with L1, significantly reduced long-term potenResults tiation (LTP) in the CA1 area of the hippocampus (Lü thi et al., 1994; Rønn et al., 1995) and impaired spatial memIdentification of Neurons in ory of rats in the Morris water maze (Arami et al., 1996) .
Heterogenotypic Cocultures In agreement with these results, mice lacking the NCAM
To identify cells with a particular genotype, one populagene exhibited impaired spatial memory (Cremer et al., tion of cells was prelabeled with the fluorescent dye 1994) as well as reduced LTP in the CA1 and CA3 regions PKH-26 (Rivas and Hatten, 1995) . After one week in culture, the dye was most strongly accumulated in astrocytes. In neurons, it was concentrated on the so-appearance that was sufficient, however, to provide reliable identification of labeled cell bodies ( Figure 3A) . Two experiments ensured reliability of identification. First, prelabeled neurons were plated on coverslips, and the percentage of neurons showing staining with PKH-26 was determined every 5 days for 100 large neurons, such as those used for electrophysiological recordings. After 1, 5, 10, 15, and 20 days in vitro, 96%-98% of all somata in the prelabeled cultures exhibited punctate staining with the dye. Second, NCAM ϩ/ϩ neurons were prelabeled and mixed with unlabeled NCAM Ϫ/Ϫ neurons in heterogenotypic cocultures that were then stained with NCAM antibodies. The percentage of neurons showing only single staining with either NCAM antibodies or PKH-26 was determined. Neurons on intensely PKH-26 stained astrocytes were excluded from the evaluation. At most, 6% of all neurons were labeled with only one fluorochrome, indicating that prelabeling of neurons with PKH-26 was a valuable tool for identification of the neuronal NCAM genotype before electrophysiological recording. We next verified that dye loading per se does not change the electrophysiological properties of neurons. When a comparison of cell resistance, capacitance, inward Na ϩ , and outward transient and sustained K ϩ currents in PKH-26-labeled and -unlabeled wild-type neu- between amplitudes recorded simultaneously in labeled and unlabeled wild-type neurons was Ϫ6.5% Ϯ 19.1% (n ϭ 5, P Ͼ 0.9, paired t test), with the activity in the but fast EPSCs were present more often or with higher unlabeled neurons being taken as 100%. amplitude in NCAM ϩ/ϩ neurons ( Figure 1D ). To determine whether inhibitory or excitatory transmission to NCAM Ϫ/Ϫ neurons was reduced, unitary Spontaneous Activity Is Higher and Unitary Evoked EPSCs Are Larger in NCAM ϩ/ϩ Than in NCAM Ϫ/Ϫ EPSCs and IPSCs were first recorded in pairs of neurons with NCAM ϩ/ϩ, NCAM ϩ/Ϫ, and NCAM Ϫ/Ϫ genoNeurons in Heterogenotypic Cocultures Spontaneous synaptic activity recorded in NCAM Ϫ/Ϫ types maintained in homogenotypic cultures (Figure 2A ). EPSCs could be unambiguously distinguished from neurons turned out to be lower than in neighboring NCAM ϩ/ϩ neurons in 8 of 10 pairs (Figures 1B and IPSCs by their fast decay time. The half-time of EPSCs was always Ͻ10 ms and on average ‫5ف‬ ms for the three 1D). On average, the activity in NCAM Ϫ/Ϫ neurons was reduced by 36% Ϯ 10.8%, with the activity in NCAM ϩ/ϩ different genotypes. EPSCs could be blocked by 20 M CNQX. IPSCs displayed a decay time longer than neurons being taken as 100% (n ϭ 10, P Ͻ 0.01, paired t test; Figure 1F ). Thus, even in the absence of knowlEPSCs. IPSCs had a half-time of more than 10 ms and on average ‫51ف‬ ms. They could be blocked by 50 M edge of the presynaptic NCAM genotype, we can state that postsynaptic NCAM is an important contributor to picrotoxin. The mean amplitude of unitary IPSCs was several fold higher than that of EPSCs (Figure 2 , left synaptic activity. Interestingly, slow spontaneous events, most likely inhibitory currents, appeared almost simultaversus right panels). Comparison of half-times and mean amplitudes of EPSCs and IPSCs in NCAM ϩ/ϩ, ϩ/Ϫ, neously in neighboring NCAM ϩ/ϩ and Ϫ/Ϫ neurons, and Ϫ/Ϫ neurons maintained in homogenotypic cultures revealed no difference between genotypes (one-way between these four types of connections with regard to half-width of postsynaptic currents were found (two-ANOVA, P Ͼ 0.1, Figure 2B ).
As a next step, heterogenotypic cocultures were used way ANOVA, P Ͼ 0.1, Figure 3B Figure 7D ). However, between 3 and 5 DIV the synaptic coverage of NCAM ϩ/ϩ neurites synaptic density and was also smaller in NCAM Ϫ/Ϫ neurons maintained in cocultures ( Figure 7D ). Similar to was doubled, whereas there was no further increase in We have made use of the possibility to study contacts (n ϭ 6) from baseline levels. The profiles of changes in between heterogenotypic hippocampal cells in culture the amplitude of EPSCs seen in NCAM ϩ/ϩ and Ϫ/Ϫ in four possible combinations: NCAM ϩ/ϩ and NCAM neurons were significantly different from each other (Fig-ϩ/ϩ , NCAM Ϫ/Ϫ and NCAM ϩ/ϩ, NCAM ϩ/ϩ and ure 8B; P Ͻ 0.001 for difference between genotypes, NCAM Ϫ/Ϫ, and NCAM Ϫ/Ϫ and NCAM Ϫ/Ϫ, respectwo-way ANOVA). Similar differences were observed for tively. These combinations permit an unequivocal deterthe total spontaneous activity (including bursts of mination of the contribution of the pre-and postsynaptievents) measured as standard deviation of current (P Ͻ cally localized NCAM on synapse formation and/or 0.01, two-way ANOVA). The latter measure was 161% Ϯ stabilization. Thus, we have determined the electrophys-10% and 90% Ϯ 19% 10 min after the stimulation in iological properties of unitary postsynaptic currents NCAM ϩ/ϩ and Ϫ/Ϫ neurons, respectively (P Ͻ 0.01, evoked by excitation of single neurons and morphometn ϭ 6, paired t test). Frequencies of spontaneous events rically evaluated the numbers of synaptic contacts, makwere also more potentiated in wild-type neurons, but ing it possible to correlate synaptic strength or efficacy, differences did not reach significance levels (236% Ϯ as determined by the mean amplitude of postsynaptic 50% versus 171% Ϯ 21%, P Ͼ 0.1, n ϭ 6, paired t test).
currents, and synaptic coverage of the postsynaptic When glutamate was applied to the homogenotypic cul- 
, 1997). Cells with pyramidal cell-like stimulation, unpaired t test). Also, the standard deviation morphology were chosen for these studies. of current and frequency of spontaneous events were
We have found that, in order for synapse formation significantly potentiated after stimulation to the same and/or stabilization to occur maximally under the condiextent in NCAM ϩ/ϩ and Ϫ/Ϫ neurons in homogenotions of heterogenotypic coculture, NCAM needs to be typic cultures (P Ͻ 0.05 for potentiation above baseline present postsynaptically (for a scheme, see Figure 7F ). levels and P Ͼ 0.3 for difference between genotypes, Elimination of NCAM presynaptically influences neither two-way ANOVA). , 1996) . Thus, the mechanisms underlying synapse stabilithe relative difference between targets directs synapse formation in Drosophila. Our data are consistent with zation appear to be different at neuromuscular junction of Drosophila, which can not be stabilized in the absence this principle. Another parallel between Fasciclin II and NCAM is that the total number of synaptic contacts in of Fasciclin II, reflecting differences in types of synapses or species. In Drosophila, the homophilic trans-interacheterogenotypic cocultures does not change significantly when synapse formation is biased toward a target tion between pre-and postsynaptic Fasciclin II molecules appears to be dominant. In our case, NCAM-mediexpressing relatively high levels of an adhesion molecule, suggesting that there are some limiting factors ated homophilic trans-interaction is not predominant, but postsynaptic NCAM must evoke retrograde signalconserving the total number of contacts formed by a single axon. In contrast to our data in hippocampal culing, either via heterophilic interactions or via diffusible factors to promote synapse formation and/or stabilizatures, however, Fasciclin II has to be present both preand postsynaptically at the Drosophila neuromuscular tion. Since NCAM Ϫ/Ϫ neurons in homogenotypic situations receive normal numbers of contacts, NCAM may junction for formation of stable synapses ( 
